Purpose: Contact lens-assisted corneal cross-linking (CACXL) has been proposed for the cross-linking treatment in thin corneas. The aim of this study was to assess the biomechanical efficacy of this treatment. Methods: Post-mortem porcine eyes were treated with standard cross-linking and with cross-linking placing a contact lens soaked with isoosmolar riboflavin solution on the debrided cornea with or without an adherent precorneal riboflavin film of up to 100 lm thickness. Three soft contact lenses (Air Optix Aqua, SofLens and Galifa) with different degrees of hydrophilic properties were tested. After cross-linking with a surface UVA irradiance of 3 mW/cm² for 30 min (fluence 5.4 J/cm²), a 400 lm deep anterior corneal flap was created using a lamellar rotating microkeratome. Biomechanical stress-strain measurements and thermal shrinkage tests were performed. Results: In the Air Optix Aqua group (30% hydration) without riboflavin film, Young 0 s modulus and stress at 8% strain were increased significantly versus untreated controls and the effect was 92.4% respectively 86.35% of the standard CXL value. In the SofLens group (59% hydration) without riboflavin film, Young 0 s modulus and stress at 8% strain were increased significantly versus untreated controls and the effect was 67.04% respectively 65.28% of the standard CXL value. In the Galifa group (72% hydration) without riboflavin film, Young 0 s modulus and stress at 8% strain were increased significantly versus untreated controls and the effect was about 68.48% respectively 75.52% of the standard CXL value. In all samples with a precorneal riboflavin film under the contact lens, there was no significant biomechanical effect compared to the untreated controls. Similarly, in the hydrothermal experiments at 70°C, there was a typical mushroom pattern with increased resistance to thermal shrinkage in the anterior stroma after standard CXL, a markedly reduced mushroom effect using a riboflavin-soaked contact lens only and no effect with the use of a riboflavin-soaked contact lens plus a precorneal riboflavin film. Conclusion: The biomechanical effect of CACXL in porcine corneas is about one-third less than after standard CXL. The efficacy of CACXL might be improved by reducing or omitting the riboflavin film on the contact lens. Further risk assessment studies are necessary.
Introduction
Fifteen years ago in 2003, corneal cross-linking (CXL) treatment of progressive keratoconus was introduced by Wollensak and Sp€ orl from Germany (Wollensak et al. 2003c) . Using the photosensitizer riboflavin (rf) and ultraviolet A light of 370 nm, the human cornea can be significantly stiffened biomechanically (Wollensak et al. 2003d ) as a long-term effect (Wollensak & Iomdina 2009 ) making CXL a powerful tool for corneal stiffening. In recent years, CXL has become the standard treatment to halt the progression of keratoconus with favourable and stable long-term results of up to ten years including paediatric cases (Raiskup et al. 2015; Caporossi et al. 2010 Caporossi et al. , 2012 . Often, also a slight reduction in corneal steepening with a 'push-up' effect and a reduction of kmax by 2-3 D can be observed . Many modifications of the standard procedure have been proposed and are still under investigation (Wollensak 2010 ).
The main cross-linking effect of cross-linking is localized in the anterior 300-350 lm of the stroma (Wollensak 2010) as can also be seen on OCT with temporary anterior haze and a typical demarcation line at 300-350 lm depth (Doors et al. 2009; Kymionis et al. 2014) which is due to a changed reflectivity of the cross-linked stroma at the transition to the posterior non-crosslinked stroma (Greenstein et al. 2010; Wollensak & Herbst 2010) . Accordingly, the keratocyte apoptosis can be found down to about 300 lm e84 . In corneas with a stroma thinner than 400 lm, the endothelial cytotoxic dose of about 0.65 J/cm² (0.36 mW/cm² for 30 min) can be reached leading to endothelial cell apoptosis in rabbits (Wollensak et al. 2003a,b) . Concurrently, significant endothelial cell loss cases with corneal melting or scarring have been reported in thin corneas after CXL (Raiskup et al. 2009; Faschinger et al. 2010; Kymionis et al. 2011; MohamedNoriega et al. 2016) . Therefore, a corneal thickness of greater than 400 lm after removal of the epithelium has been recommended as a safety feature to prevent irreversible damage to the endothelium (Spoerl et al. 2007) .
As stromal thickness is often less than 400 lm in advanced keratoconus (stage III Amsler -Krumeich classification), modifications of the standard protocol have been suggested (Padmanabhan & Dave 2013; Raiskup & Spoerl 2013 ) including higher riboflavin concentration in the photosensitizer solution, increase of the riboflavin film thickness, downregulation of the UVA surface irradiance, shorter irradiation time with a higher UVA irradiance (AXL with 'steak effect'; Ozgurhan et al. 2015) , swelling the stroma by hypoosmolar solutions (Hafezi et al. 2009 ) and customized epithelial debridement cross-linking ('epithelial island technique'; Kymionis et al. 2009 ). The use of a shielding rf-soaked contact lens in contact lens-assisted cross-linking (CACXL) has been suggested first by Recalde from Spain in 2008 (Recalde et al. 2008 (Recalde et al. , 2012 and later by Jacob from India (Jacob 2014a,b) . Contact lens-assisted crosslinking (CACXL) seems to offer a fool proof, safe working solution for crosslinking in thin corneas and does not require sophisticated equipment (Peyman 2014). However, so far nothing is known about the biomechanical efficacy of CACXL.
In the following in vitro study, we tried to evaluate the biomechanical efficacy of contact lens-assisted corneal cross-linking using porcine ex vivo cornea.
Material and Methods

Sample preparation
A total of 120 freshly enucleated porcine eyes were retrieved from the local abattoir within 24 hr post-mortem. Special care was taken to include only clear corneas with no oedema. Adherent conjunctival or muscular tissue was removed. The horizontal meridian was identified by the elliptical shape of the cornea and marked with a surgical skin marker pen. The epithelium was carefully removed using a cotton swab.
For the biomechanical measurements, eight porcine eyes were used for each treatment group (n = 96). Additional eyes were used for the shrinkage experiments.
Properties of tested contact lenses
Only soft hydrophilic contact lenses of variable degree of hydration were tested because hard contact lenses do not absorb water respectively riboflavin solution. All three lenses were without UV filter.
(1) Soft contact lens, Air Optix Aqua 8.6, by CIBA Vision GmbH, Großwall-stadt, Germany; made of 67% lotrafilcon B (silicone hydrogel), refractive power zero D, diameter 14.2 mm, 80 lm thin, hydration (water content) 33% (Fig. 1) .
(2) Soft hydrophilic contact lens, SofLens daily disposable, made of hilafilcon B; refractive power À0.5 D; by Bausch & Lomb; diameter 14.2 mm; 90 lm thin, hydration 59% (3) Soft hydrophilic contact lens, Galifa, lens SN 2000129, made of methyl methacrylate (MMA) and vinyl pyrrolidone (VPN); Galifa Contactlinsen AG; St. Gall, Switzerland; power zero D; diameter 9.34 mm, 160 lm thin, hydration 72% (Fig. 1) .
UV absorption of contact lenses
The contact lenses without inherent UV filter barrier were soaked with isoosmolar 0.1% riboflavin ricrolin solution for 30 min. The UV absorption was measured using a calibrated UVA meter (Peak Tech 5085). The UV meter has an integrated band-pass filter that allows only UV light of 290-390 nm to pass; thereby, the secondary fluorescence light was excluded in the measurements. Measurements included the UVA absorbance of CL alone, rf-soaked CL with attached isoosmolar rf-film, rf-soaked CL after rinsing the isoosmolar rf-film.
OCT-pachymetry of the riboflavin film under the contact lens
For the measurements of the film thickness, the isoosmolar rf drops were applied on the surface of porcine eyes and the contact lens placed on top. The thickness of the riboflavin film under the contact lens was measured using a Zeiss Cirrus HD-OCT 4000 (Carl Zeiss Meditec AG, Jena, Germany) using the anterior segment 5 line raster mode. The film on top of the contact lens was also determined but was not applied for the experiments because already in preliminary measurements it became evident that there was no cross-linking effect with an additional supra-CL film, Fig 
Cross-linking procedure
Physiologic saline solution was injected into the anterior chamber eyes to provide a relatively smooth corneal surface without wrinkles. The soft contact lens was soaked with 0.1% riboflavin ricrolin solution (0.127 g riboflavin-5-phosphate, dextran T-500 20 g in 100 ml solution; Sooft S.p.A., Montegiorgio, Italy) for 30 min. Before the UVA irradiation, it was rinsed with physiologic saline solution and placed onto the cornea. The epithelium was carefully debrided in all eyes.
For the application of the precorneal sub-CL riboflavin film during the irradiation, the contact lens was lifted up and the rf solution dropped and the contact lens pressed down gently again. In addition, another subset was treated with no precorneal riboflavin film and only sub-CL application of riboflavin every 15 min for 2 min with subsequent rinsing. Always, the rf film was only applied onto the cornea not on the lens because from initial measurements it was evident that otherwise there was complete UVA absorption with such an experimental set-up.
The porcine eyes were cross-linked according to Wollensak et al. 2003c with removal of the epithelium and subsequent application of the standard 0.1% riboflavin ricrolin solution for 30 min before the irradiation and every 10 min during the irradiation.
The UVA irradiation was performed for 30 min at a focussing distance of 5 cm using a UVA irradiation device of seven LEDs with a wavelength of 365 nm (UV-X; Peschke Meditrade GmbH, Germany), a surface UVA irradiance of 3 mW/cm² (fluence 5.4 J/cm²) and a 14 mm diameter of the irradiation field. Before each treatment, the desired irradiance of 3 mW/cm² was controlled with a calibrated UVA meter (Peak Tech 5085) at a distance of 5 cm before each irradiation series.
Biomechanical measurements
For the biomechanical measurements, anterior circular flaps of 400 lm thickness and 9 mm diameter were cut in the horizontal meridian using a Draeger lamellar rotating microkeratome (Storz Instrument GmbH, Heidelberg, Germany). Finally, a 5 9 9 mm rectangular central strip was cut along the horizontal meridian of the circular lamellar flap using a surgical double-bladed scalpel.
The corneal strips were clamped horizontally at a distance of 8 mm between the jaws of a commercially available microcomputer-controlled biomaterial tester (Minimat, Rheometric Scientific GmbH). The strain was increased linearly with a velocity of 2 mm/min and a force of 10N, and the stress was measured up to 1000 kPa. The stress-strain values were fitted by an exponential function r = A exp (B 9 e) using the SPSS-calculation programme (SPSS GmbH Software, Munich, Germany). Young's modulus E was calculated for 8% strain as the gradient of the stress-strain graph [E = dr/de = A 9 B exp (B 9 e)].
Statistical evaluation
The stress data at 8% strain and Young 0 s modulus were compared using Student 0 s t-test.
Hydrothermal shrinkage pattern of corneal samples
Round corneal buttons of 8 mm diameter including the full thickness of the cornea were prepared from the globes. Demineralized water was heated in a microwave oven. The wanted shrinkage temperature of 70°C was checked with a heat-resistant thermometer after stirring to ensure a homogeneous temperature throughout the water bath. The buttons were immersed in the heated water and were removed after 3 min of heat exposure. The shrinkage behaviour is directly correlated with the degree of cross-linking and therefore a sensitive parameter for the evaluation of a possible cross-linking effect and even more sensitive than biomechanical measurements.
Histology
The corneal specimens were fixed in 4% formalin and embedded in paraffin. Four-micrometre-thick sections were stained for haematoxylin/eosin and examined at various magnifications with a Zeiss light microscope (Axiomat) including a polarization filter. 
Results
UV absorption of contact lenses
According to the manufacturers, the lens material contained no UV-blocking agents. The more hydrophilic the contact lens the higher the riboflavin uptake and the UVA absorption was (Table 1 , 3rd line). The Air Optix Aqua lens did not absorb a significant amount of riboflavin. The contact lenses did not become harder after CXL.
OCT measurements of riboflavin film
In porcine eyes, the sub-CL film thickness was determined to be 80-116 lm with decreasing values in the periphery. The supra-CL film thickness was 102-124 lm ( Fig. 2A) . However, a supra-CL film was not used in our experiments because of total UVA absorption and absence of cross-linking with the additional supra-CL film as determined by preliminary experiments. The thickness of the sub-CL film in the porcine samples corresponded roughly to the supra-CL film thickness in human eyes. In human eyes, the sub-CL film was measured in vivo to be 10-15 lm and the supra-CL film 60-100 lm decreasing over time (Fig. 2B) .
Biomechanical measurements
In the Air Optix Aqua group (30% hydration) without riboflavin film, Young 0 s modulus and stress at 8% strain were increased significantly versus untreated controls by +44.16% respectively +52%, corresponding to 92.4% respectively 86.35% of the standard CXL value (Tables 2 and 3; Figs 3-5).
In the SofLens group (59% hydration) without riboflavin film, Young 0 s modulus and stress at 8% strain were increased significantly versus untreated controls by +38.36% respectively +45.18%, corresponding to 67.04% respectively 65.28% of the standard CXL value.
In the Galifa group (72% hydration) without riboflavin film, Young 0 s modulus and stress at 8% strain were increased significantly versus untreated controls by +31.51% respectively +37.78%, corresponding to 68.48% respectively 75.52% of the standard CXL value.
In all lenses with an additional sub-CL riboflavin film, there was no significant biomechanical cross-linking effect in the porcine cornea.
Hydrothermal shrinkage pattern
Similarly, in the hydrothermal experiments at 70°C, there was a typical mushroom pattern with increased resistance to thermal shrinkage in the anterior stroma after standard CXL due to cross-linking, a markedly reduced mushroom effect using a riboflavinsoaked contact lens only and a cylinder shape with the use of a riboflavinsoaked contact lens plus the thick sub-CL riboflavin film due to the absence of a cross-linking effect. Shrinkage led to a corresponding increase in stromal thickness of the affected layer, Fig. 6 .
Histology
On histology, there was loss of birefringence and homogenized denatured collagen fibres with loss of structural integrity in the non-cross-linked portion of the heat-denatured specimens.
Discussion
The present study has revealed that the biomechanical effect of CACXL in porcine corneas is about one-third less than after standard CXL. In addition, it has shown that CACXL with a contact lens plus a thick riboflavin film does not induce a significant biomechanical effect.
The rationale for the use of a contact lens is to reduce the corneal surface irradiance and endothelial risk for thin corneas by adding an additional and well-defined precorneal layer of UVA absorbing substance. The procedure includes the application of isoosmolar 0.1% riboflavin solution every 3 min under and above the contact lens providing a thin precorneal riboflavin film of about 18 lm, a contact lens of about 90 lm, and a pre-CL film of 70 lm thickness Jacob et al. 2014a ). The scenario in our experiment was similar but slightly different due to the fact that the contact lenses are not perfectly fitted for porcine corneas. In porcine eyes, the cornea is ellipsoid-like with an extension in the temporo-horizontal direction. Its dimensions are 12.5 9 15 mm while it is 11.5 9 11.5 mm in the symmetric human cornea. In preliminary experiments, we found that in porcine eyes with the less perfect CL-fitting, the sub-CL film was 80-116 lm corresponding roughly to the thickness of the precontact lens rf film in the human scenario ( Fig. 2A,B) and that there was no cross-linking effect at all with an additional pre-CL film in porcine eyes. Therefore, in the porcine eyes, the supra-CL film was completely omitted and the sub-CL film corresponds to the supra-CL film in the human application. A similar phenomenon of a thick sub-lens film can be found in hard contact lenses with a thick postlens tear film of 82.4 lm and a thin postlens film of 4.5 lm in well fitted and adherent soft contact lenses (Wang et al. 2003) . Also in corneal ulcers, the postlens film might be significantly increased preventing the use of CACXL.
Our experiments have revealed that with a rf-soaked contact lens plus a thick riboflavin film basically no biomechanical cross-linking effect can be achieved even with the Air Optix Aqua lens which has a low uptake of riboflavin. Therefore, in the clinical setting, the riboflavin film might be omitted, applied less often or changed in its viscosity and film thickness by for example decreasing the dextran concentration to increase the biomechanical cross-linking efficacy of CACXL. However, safety studies regarding the risk of the endothelium with such a modification would be mandatory before its widespread use. Also, even with this modification, the biomechanical efficacy would be about one-third less than with standard CXL.
A demarcation line at 252.9 AE 40.8 lm (Jacob et al. 2014a) respectively at 235.33 AE 64.87 lm (Malhotra et al. 2017 ) has been reported after CACXL. In addition, apoptosis of keratocytes up to 350 AE 30 lm from the epithelial surface has been described using in vivo confocal microscopy (Mazzotta et al. 2016 ) similar like after standard CXL (Mazzotta et al. 2007 ). These findings are often interpreted as an indirect proof of efficacious cross-linking. However, the extent of CACXL-related apoptosis does not necessarily correlate with an intense biomechanical stiffening effect. In addition, with the 56% reduction in surface irradiance by a rf-soaked SofLens plus a thick rf film, the surface irradiance is significantly reduced so that a biomechanical effect as intense as in standard CXL is not plausible and most UVA light will have its impact on the contact lens and not on the cornea. However, in clinical routine, the frequency of the application of the riboflavin solution might be less frequent and the rf soaking time for the contact lens shorter than in the original stringent CACXL protocol, thereby providing so to speak unintentionally a very thin supra-CL rf film with less UVA reduction, a lower rf concentration within the contact lens and therefore a somewhat higher UVA irradiance at the corneal surface increasing the photooxidative changes and possibly biomechanical efficacy. The UVA absorption of the rfsoaked CL is dependent on the hydration properties of the CL and the intensity of the rf dye uptake by the CL. Therefore, rigid CL's are not suitable and soft CL's should have a high degree of hydration as demonstrated by the low UVA absorbance of 12% of the rf-soaked Air Optix Aqua lens (33% hydration) compared to the 27% UVA reduction by the SofLens (59% hydration) and 50% UVA absorbance by the Galifa CL (72% hydration). Similarly, Recalde favoured the Zeiss G-72D (made of methyl methacrylate (MMA) and vinyl pyrrolidone (VPN), 72% hydration, 150 lm thickness; Recalde et al. 2008) but the use of the SofLens (90 lm thin, hydration 59%) is more common in CACXL (Jacob 2014a,b; Mazzotta et al. 2016) . The contact lens thickness could be varied choosing different refractive powers. However, in our experiment, the thicker Galifa lens did not show a reduction in biomechanical efficacy compared to the thinner SofLens. But both the SofLens and the Galifa CL showed a significantly lower biomechanical effect versus the low hydrophilic Air Optix Aqua lens so that the hydrophilic properties of the CL may be more important than its thickness. Of course, the CL should not contain UV-blocking substances which are often added to protect the eye from naturally occurring UV irradiation and which would further reduce the UVA by about 70% (Moore & Ferreira 2006) . We analysed 400 lm anterior corneal flaps instead of full thickness samples because the cross-linking effect is mainly in the anterior 350 lm of the cornea. This approach allows a more sensitive detection of even minor changes in biomechanical parameters which might be concealed by full thickness samples of porcine cornea with 850 AE 70 lm thickness. In the future, additional biomechanical studies using whole globe inflation tests instead of the uniaxial stress-strain measurements might allow a more complete and clinically relevant evaluation of the biomechanical efficacy of CACXL (Bao et al. 2018) .
Conclusions
The biomechanical effect of CACXL in porcine corneas is about one-third less than after standard CXL. Contact lensassisted cross-linking (CACXL) only worked without an additional thick riboflavin film which should therefore be reduced or omitted. Risk assessment studies are necessary before such modifications of the technique are possible in the clinical setting. . Thermal shrinkage pattern of whole porcine corneas at 70°C after cross-linking using the Galifa soft contact lens (left to right): Standard CXL (maximum cross-linking): mushroom shape with preserved anterior curvature. Galifa contact lens without rf film (significant cross-linking): mushroom shape of smaller diameter with preserved anterior curvature. Galifa contact lens with rf film (no cross-linking effect): cylinder shape with no preserved anterior curvature.
